Constitutive relationship of boron steel is one of the most necessary mathematical models in the numerical simulation of hot stamping; it describes the relationship of the flow stress with strain, strain rate and temperature. In order to attain the constitutive relationship of boron steel B1500HS, four types of samples with microstructure of austenite, ferrite+pearlite, bainite or martensite are prepared by the Gleeble 1500D thermo-mechanical simulator. Isothermal uniaxial tension testings for these specimens are performed at 20-900 1C at the strain rates of 0.01 s , 1.0 s -1 and 10 s -1 by Gleeble 1500D, and the true stress-strain curves at the relative conditions are gained. The experimental results show that, the flow stress of samples with relative microstructure rises with the decrease of the deformation temperature, and with the increase of the strain rate. The modified Arrhenius model is used to describe the hot deformation of samples with austenite microstructure, and the modified Johnson-Cook model is used to describe the deformation process of samples with ferrite+pearlite, bainite or martensite microstructure. The constitutive equations depending on the strain, strain rate and temperature are attained by the regression analysis for the experimental data of flow stress, strain, strain rate, temperature, etc. The comparison of the computational data and the experimental results shows that, the computational data using the constitutive relationships are well consistent with the experimental data.
Introduction
Constitutive relationship of material plays an important role in describing the relationships of thermodynamics parameters in the process of hot deformation. According to the research results of hot deformation for the alloys of copper, aluminum, magnesium, titanium and steel, the flow stress is mainly affected by the deformation temperature, stress rate, strain, inner microstructure and chemical composition of material.
Farrokh [1] studied the effect of temperature and grain size on the stress-strain for ultra-fine grained and nanocrystalline Cu and Al, and a new constitutive equation considering grain size and temperature dependent viscoplasticity was developed based on the Khan-HuangLiang (KHL) constitutive equation. The model is featured to correlate different characteristic behaviors of polycrystalline materials in the plastic regime, as a result of grain refinement. Shen [2] investigated the flow behavior and dynamic recovery and recrystallization, as well as microstructure evolution of AA7005 aluminum alloy in hot compression. A hyperbolic sine relationship was built to correlate temperature and strain rate with flow stress. Wang [3] and Li [4] researched the hot deformation of AZ91 and AZ31B magnesium alloys under conditions of different strain rates and deformation temperatures; a constitutive relationship for AZ91 and AZ31B is established, which can reflect the real deformation feature of these alloys. Zhang [5] studied the hot deformation behavior of Ni-Ti shape memory alloy at 700-900 1C by Gleeble thermo-mechanical simulator, attained the material parameters of hyperbolic sine constitutive relationship by the regression analysis for the experimental data, and built the constitutive relationship of flow stress with deformation temperature, strain rate and strain. Rusinek [6] presented a physical constitutive relation for defining the thermo-viscoplastic behavior of FCC metals with its dependence on strain in thermal activation processes, and the description of the material behavior provided by the model gets satisfactory agreement with the experiments. Siamak [7] developed and verified a mathematical model to determine the flow stress at the hot deformation. This model is capable of including work softening due to dynamic phase transformations as well as effect of temperature and strain rate variation on flow stress utilizing the additivity rule for strain.
In the present study some research on constitutive relationship of hot deformation for boron steel is presented. Naderi [8] did the isothermal uniaxial compression test at the temperature range of 600-900 1C and the strain rates of 0.1 s studied the effects of strain, strain rate and temperature on the plastic deformation of boron steel 22MnB5; Voce-Kocks and Molinari-Ravichandran models were used to describe the plastic deformation of boron steel. Liu [9] built the flow stress model s ¼ Kε n _ ε m expðβ=TÞ, which is also based on the strain, strain rate and temperature. These models for hot stamping boron steel are all built for the stage of hot deformation, which does not consider the new phase due to phase transformation in the quenching process after hot deformation.
Hot stamping of boron steel mainly undergoes two important stages, hot deformation and quenching in the mold. At the stage of hot deformation, the microstructure of boron steel blank is austenite. After hot deformation and in the following cooling process, most of the austenitic microstructure in the blank can transform into martensite microstructure, while some austenitic microstructure may be transformed into ferrite+pearlite or bainite microstructure due to the difference in heat transfer in the different regions of hot stamping parts. Although the austenite microstructure and temperature of hot stamping blank are uniform after the blank is heated in the furnace, the temperature and microstructure differences in the different regions of hot stamping part may be large in the cooling process in the stamping die. For hot stamping, the constitutive relationships considering temperature and microstructure are quite important in the metal-forming and cooling processes from the mechanical and metallurgical standpoints, because any feasible mathematical simulation needs an accurate flow description.
In order to describe the thermodynamics behavior of boron steel B1500HS in the hot deformation and quenching process, the constitutive relationship based on the modified Arrhenius model is used to describe the thermodynamics behavior of austenitic microstructure, and the improved Johson-Cook model is used to describe the thermodynamics behavior of ferritic+pearlitic, bainitic and martensitic microstructures. The uniaxial tension testing of specimen with austenite microstructure is performed at a temperature range of 600-900 1C and strain rate range of 0.01-10 s by the Gleeble thermo-mechanical simulator 1500D. The uniaxial compression test of specimen with ferrite+pearlite, bainite or martensite microstructures is performed at a temperature range of 20-700 1C and strain rate range of 0.01-10 s -1 by the simulator 1500D. The material parameters of constitutive relationships are attained by the regression analysis for the experimental data.
Constitutive relationship of austenite microstructure

Modified Arrhenius relationship
The research results of hot deformation for many alloys show that, hot deformation process is similar to the creep process; the thermal activation phenomenon appears in the hot deformation process. The effects of temperature and strain rate on the deformation behavior may be represented by the Zener-Holloman parameter (Z) in an exponent-type equation. This can be mathematically expressed as [10] [11] [12] 
where Z is the Zener-Hollomon parameter. The Arrhenius-type equation, which gives the relationship between flow stress and Z, has been successfully used for flow stress prediction in hot deformation domains. This can be expressed as [10, 12, 13 ]
In fact, the hot deformation of boron steel is in a balance between deformation strengthening and dynamic recrystallization softening of high temperature. The instantaneous flow stress mainly depends on the strain rate _ ε and deformation temperature T. According to Eqs. (1) and (2), a modified Arrhenius relationship can be used to describe the hot deformation behavior of austenitic microstructure for boron steel B1500HS; the constitutive relationship is described as below:
where _ ε is the strain rate, s is the flow stress (MPa), A, α and n are the coefficients relative to the material, R is the molar gas constant (8.3145 J mol
), T is the absolute temperature (K), and Q is the hot deformation activation energy (J mol −1 ). The flow stress varies with the strain variation during the hot deformation of boron steel, so the coefficients A, α, n and Q are supposed to be related with the strain.
The research results of hot deformation for different materials show that, the relationship between the flow stress and the strain rate can be described as a power exponent function at the low stress state, and be described as an exponent function at the high stress state [3] .
where A 1 , A 2 , β and n 1 are the material parameters. Eq. (4) is usually used to describe the creep process of metal material in low stress, and Eq. (5) is usually used to describe the hot deformation with high strain rate in high stress.
Testing method and equipment
The stress-strain curves of materials can be tested by the uniaxial tension method or the uniaxial compression method. For the uniaxial compression process of materials, there are two factors affecting the testing accuracy. One is the drum shape appearing in the middle of the sample due to friction at both ends of the sample. The other is temperature rise of sample due to deformation heat. The diameter of the compression sample usually exceeds 6 mm; the deformation heat inside sample results in a big temperature difference between the surface and inside of the sample. For the uniaxial tension process of materials, the stress-strain curve before necking can well represent the stress and strain relationship of deformation sample. In addition, the thickness of tension sample is much less than the diameter of compression sample, so it is easy to control the temperature difference between the surface and inside of sample, and to reduce the influence of temperature rise on the testing result.
In the stage of hot forming of boron steel, the microstructure of blank is austenite. For austenite microstructure, the uniaxial tension method is used to test the stress-strain curve by Gleeble-1500D thermal-mechanical simulator. The dimension of tension sample is shown in Fig. 1 .
The parameters for Gleeble-1500 D are listed below:
( The chemical compositions of boron steel B1500HS are C (0.23%), Si (0.25%), Mn (1.35%), S (0.006%), P (0.015%), Cr (0.19%), Mo (0.04%), and B (0.003%). The samples with austenite microstructure are prepared and tested at different temperatures and strain rates by the uniaxial tension method. The testing project shown in Fig. 2 is designed according to TTT curve of B1500HS [14] .
The testing project shown in Fig. 2 can be described as follows:
(1) The specimens are heated to 900 1C at a speed of 5 1C/s, and kept at a temperature of 900 1C for 3 min. Then they are tested at strain rates of 0.01 s The NiCr-NiSi thermocouple is welded on the middle of the specimen by the spot welding machine, used to measure the specimen temperature and control heating speed and cooling speed during the testing. The gauge length is 30 mm, used to revise the strain-stress curves. The position of thermocouple and datum points is shown in Fig. 1 . The tested specimens are cooled by the compressed air, and the cooling rate is controlled by adjusting the flux of the compressed air. According to the definition, the true stress and true strain can be expressed as
where F is the instantaneous load, s t is the true stress, ε t is the true strain, A 1 is the instantaneous cross section, A 0 is the original cross section, l 1 is the instantaneous length, l 0 is the original length of the specimen, and Δl 1 is the instantaneous variation of length during tension testing. In the testing, the sample is heated by the electrical-resistance heating method. The temperature of central region of testing sample is higher than the other region, and the yield strength of the central region is less than the other region due to a higher temperature. Through heating and maintaining the temperature, it is easy to attain a homogeneous temperature region whose length is more than 30 mm in the central region of the sample, and the hot deformation is produced in this central region. The length of homogeneous temperature region may be different for different samples, so the central region with the length of 30 mm is used to revise the stress-strain value to keep the uniformity of the stressstrain for different samples. The method of revising the stressstrain value can be expressed as
where ε m is the revised true strain, s m is the revised true stress, A m is the revised cross section of the tested specimen, l m is the revised Fig. 2 . Testing project. Fig. 3 . Effect of strain rates and strain on the temperature of samples. length of the tested specimen, Δl m is the distance variation between two datum points at the end of the test, Δl t is the whole length variation of sample at the end of the test, and τ is the revised coefficient, which can be expressed as
Fig . 3 shows the relationship of the temperature variation, true strain and strain rate in the testing of austenite specimen. When the strain rates are 0.01 s −1 and 0.1 s −1 , the temperature variation changes between −3 1C and 5 1C and the specimen's temperature can be better controlled by adjusting the compressed air flow of Gleeble 1500D simulator to control the deformation heat of specimens. When the strain rates are 1.0 s −1 and 10 s −1 , the deformation heat of specimen is instantaneously and abundantly produced but the cooling system of Gleeble 1500D cannot control this and the temperature variation increases with the rise of the strain rate and true strain. When the testing temperature is 600 1C, strain rate is 10 s −1 and the strain is 0.45; the temperature variation reaches about 16 1C. As a whole, the temperature variation is little, so it can be neglected in the regression analysis of the experimental data. According to the data of time, temperature, loading, length variation, strain and stress recorded by Gleeble-1500D simulator, the true stress-strain curves shown in Fig. 4 can be obtained using Eqs. (6)-(10).
Extension of true stress-strain
In the uniaxial tension testing, the maximum strain before necking is different for the different strain rates at the deformation temperature of 900 1C, as shown in Fig. 4(a) . When the deformation temperature is 800 1C, 700 1C, or 600 1C, it is similar with that at 900 1C. In order to attain the material parameters of the modified Arrhenius relationship by the regression analysis for the experimental data, the true stress-strain curves are extended according to the stress-strain curve having the maximum strain before necking, and letting them have the uniform maximum strain. By this method, the accuracy of regression analysis for all stress-strain curves can be kept.
The stress-strain curves in Fig. 4 show that, the stress-strain curve at 900 1C and at the strain rate of 10 s −1 has the maximum strain before necking. Then stress-strain curve at 900 1C and at the strain rate of 10 s −1 is regarded as a standard used to extend the other stress-strain curves. The extension method is as the following:
1) For the stress-strain curve at 900 1C and at the strain rate of 1.0 s −1 , it is easy to get the value of the maximum strain ε 1 and stress s 1 before necking. For the stress in the stress-strain curve at 900 1C and at the strain rate of 10 s −1 , it is also easy to attain the stress value s 10 when the strain value is ε 1 . 2) For the stress-strain curve at the strain rate of 10 s −1 , the stress-strain curve in the range of ε≥ε 1 is copied and moved a distance of (s 10 -s 1 ) to replace the stress-strain curve after necking (the range of ε≥ε 1 ) at the strain rate of 1.0 s −1 .
3) For the stress-strain curve at the strain rate of 0.1 s −1 , the curve can be extended using the above method according to the modified stress-strain curve at the strain rate of 1.0 s −1 .
4)
For the stress-strain curve at the strain rate of 0.01 s −1 , the curve can be extended using the above method according to the modified stress-strain curve at the strain rate of 0.1 s
The extension scheme of the stress-strain curve and the extended stress-strain curves at 900 1C are shown using the dashed lines in Fig. 4(a) . According to the above extension method for the stress-strain curves at 900 1C with different strain rates, the stress-strain curves at 800 1C, 700 1C and 600 1C are extended. The extension schemes of stress-strain curve and the extended stress-strain curves at 800 1C, 700 1C and 600 1C are respectively shown using the dashed lines in Fig. 4 (b), (c) and (d).
Solution of coefficients
Solution of coefficient α
The coefficient α is an adjustable factor of stress, which can adjust the value of αs in a right range and make ln½sinhðαsÞ−ln_ ε curves appear in linear and parallel states. The relationship of coefficients α, β and n 1 in Eqs. (3)- (5) can be described as [3, 15] 
The coefficient α in Eq. (2) is obtained from Eqs. (4) and (5). Taking logarithm on both sides of Eqs. (4) and (5), the following equations can be attained:
Coefficients β and n 1 are variables depending on the strain, and there are many values of coefficients β and n 1 in the strain range of 0.04-0.5. Here, the stress-strain data at the strain of 0.12 is regarded as a sample to explain the calculation process of coefficients β and n 1 . According to the data of modified stressstrain curve shown in Fig. 4 , lns−ln_ ε curves can be attained using Eq. (12); then coefficient n 1 can be calculated through the slopes of lns−ln_ ε curves. The s−ln_ ε curves can be also attained using Eq. (13) according to the modified stress-strain curve; then the coefficient β can be calculated through the slopes of s−ln_ ε curves. For the s−ln_ ε curves, the results of regression analysis for the experimental data at the strain of 0.12 are shown in Fig. 5 . The labels in Fig. 5 are the s−ln_ ε relative points calculated by the stress-strain curve. The solid lines are the fitting curves attained by the regression analysis for the s−ln_ ε relative points. The fitting curves show that the relationship between s and ln_ ε is linear. When the deformation temperatures are 600 1C, 700 1C, 800 1C and 900 1C, the adjusted coefficients of determination R 2 (Adj) for the four linear models are 0.9993, 0.9823, 0.9416 and 0.9906, respectively, which shows that these models can predict 99.93%, 98.23%, 94.16% and 99.06% of the changes of response variable respectively and only a little variation is out of the prediction.
For the lns−ln_ ε curves, the results of regression analysis for the experimental data at the strain of 0.12 is shown in Fig. 6 . The labels in Fig. 6 are the lns−ln_ ε relative points calculated by the stressstrain curve. The solid lines are the fitting curves attained by the regression analysis for the lns−ln_ ε relative points. The fitting curves show that the relationship between lns and ln_ ε is linear. When the deformation temperatures are 600 1C, 700 1C, 800 1C and 900 1C, the adjusted coefficients of determination R 2 (Adj) for the four linear models are 0.9841, 0.9959, 0.9841 and 0.9982, respectively.
The slopes of the fitting curves at different temperatures can be obtained by regression analysis. For the s−ln_ ε curves, the slopes are 14.735 (900 1C), 19.665 (800 1C), 22.074 (700 1C), 28.246 (600 1C), and the average value of coefficient β at 900 1C, 800 1C, 700 1C and 600 1C is regarded as the value of coefficient β at the strain of 0.12, which is β¼0.04721.
For the lns−ln_ ε curves, the slopes are 0.1107 (900 1C), 0.1044 (800 1C), 0.0867 (700 1C), and 0.0803 (600 1C), and the average value of coefficient n 1 at 900 1C, 800 1C, 700 1C and 600 1C is regarded as the value of coefficient n 1 at the strain of 0.12, which is n 1 ¼ 10.9524. The coefficient α can be calculated using Eq. (11) when the values of coefficients β and n 1 are known. The coefficient α is calculated as α¼ β/n 1 ¼4.3105 Â 10 −3 when the strain value is 0.12.
Solution of coefficients n, A and Q
Suppose the deformation activation energy Q is non-relative to deformation temperature T, the logarithmic calculation is performed on Eq. (3), and then the following equation can be attained:
Eq. (14) can be described as ln sinhðαsÞ
Coefficients n, A and Q are variables depending on the strain, so there are many values of coefficients n, A and Q in the strain range of 0.04-0.5. Here, the stress-strain data at the strain of 0.12 is regarded as a sample to explain the calculation process of coefficients n, A and Q. According to the data of modified stressstrain curve shown in Fig. 4 , the ln½sinhðαsÞ−ln_ ε curves can be attained using Eq. (14), and then the coefficient n can be calculated through the slopes of ln½sinhðαsÞ−ln_ ε curves. The ln½sinhðαsÞ−1=T curves can be attained using Eq. (15) according to the modified stress-strain curve, and then the coefficient Q can be calculated through the slope k of ln½sinhðαsÞ−1=T curves. The coefficient A can be calculated through the intercept h of ln½sinhðαsÞ−1=T curves by the following equations:
For the ln½sinhðαsÞ−ln_ ε curves, the results of regression analysis for the experimental data at the strain of 0.12 are shown in Fig. 7 . The labels in Fig. 7 are the ln½sinhðαsÞ−ln_ ε relative points calculated by the stress-strain curve. The solid lines are the fitting curves attained by the regression analysis for the ln½sinhðαsÞ−ln_ ε relative points. The fitting curves show that the relationship between ln½sinhðαsÞ and ln_ ε is linear. When the deformation temperature are 600 1C, 700 1C, 800 1C and 900 1C, the adjusted coefficients of determination R 2 (Adj) for the four linear models are 0.9951, 0.9942, 0.9735 and 0.9852, respectively. The slopes of fitting curves at different temperatures can be obtained by regression analysis. For the ln½sinhðαsÞ−ln_ ε curves, the slopes (1/n) are 0.1347 (900 1C), 0.1196 (800 1C), 0.1271 (700 1C), and 0.1231 (600 1C), and the average value of coefficient n at 900 1C, 800 1C, 700 1C and 600 1C is regarded as the value of coefficient n at the strain of 0.12, which is n ¼7.9285.
For the ln½sinhðαsÞ−1=T curves, the results of regression analysis for the experimental data at the strain of 0.12 is shown in Fig. 8 . The labels in Fig. 8 are the ln½sinhðαsÞ−1=T relative points calculated by the stress-strain curve. The solid lines are the fitting curves attained by the regression analysis for the ln½sinhðαsÞ−1=T relative points. The fitting curves show that the relationship between ln½sinhðαsÞ and 1/T is linear. When the strain rates are 10 s 
Regression analysis of material coefficients
The material coefficients β, n 1 , n, Q and lnðAÞ at the strain of 0.04, 0.08, 0.16, 0.20, 0.24, 0.28, 0.32, 0.36, 0.40, 0.44, 0.48 and 0.50 can be also solved. The solution process of these material coefficients is similar with that at the strain of 0.12. The values of material coefficients attained through the regression analysis are shown in Table 1 . The values in Table 1 show that, all of the material coefficients β, n 1 , n, Q and lnðAÞ are variables depending on the strain. So the regression analysis is used to analyze the relationship between the material coefficients and strain, the fitting curves and materials coefficient values are shown in Fig. 9 . The fitting polynomial functions of coefficients β, n 1 , n, Q and lnðAÞ are obtained, shown as Eqs. (18) 
The material coefficients in Eq. (24) can be attained through Eqs. (18)-(23) . The stress-strain curves of austenitic microstructure at different temperatures and strain rate are calculated using Eq. (24); the computational results and the experimental results of stress-strain curves are shown in Fig. 10 . The comparison of the computational and experimental results shows that the computational data using the constitutive relationship Eq. (24) are well consistent with the experimental data.
Constitutive relationship of ferrite+pearlite microstructure
Johnson-Cook model
The Johnson-Cook model, which considered the effect of strain strengthening, strain rate strengthening and temperature softening on the material yield strength, is widely used to describe the deformation behavior of all crystal structures [16, 17] . The JohnsonCook model can be expressed as
where A is the yield stress, _ ε 0 is the strain rate for the quasi-static test, T 0 is the temperature for the quasi static test, T m is the temperature of material melting point, _ ε is the strain rate, ε is the strain, T is the temperature, s is the stress, and A, B, C, D, n, m and k are the material coefficients. The three items in the right side of Eq. (25) describe the effect of strain strengthening, strain rate strengthening and temperature softening on the material strength.
The shape and dimensions of specimen for ferrite+pearlite (F +P) microstructure are the same as that of austenite microstructure, as shown in Fig. 1 
The cold-rolled boron steel B1500HS consists of about 73-77% of proeutectoid ferrite that forms above the eutectoid temperature and 
the remaining is pearlite. So the cold-rolled boron steel B1500HS can be directly used to test the strain-stress curves of F+P microstructure after heating to 700 1C, 600 1C, 450 1C, and 300 1C. Fig. 11 shows the relationship of the temperature variation, true strain and strain rate in the testing of F+P microstructure. When the strain rates are 0.01 s −1 and 0.1 s −1 , the temperature variation changes between −2 1C and 5 1C and the specimen's temperature can be better controlled by adjusting the compressed air flow of Gleeble 1500D simulator to control the deformation heat of specimens. When the strain rates are 1.0 s −1 and 10 s −1 , the deformation heat of specimen is instantaneously and abundantly produced; the cooling system of Gleeble 1500D cannot control this, and the temperature variation increases with the rise of the strain rate and true strain. When the testing temperature is 20 1C, strain rate is 10 s −1 and the strain is 0.3, and the temperature variation reaches about 25 1C. As a whole, the temperature variation is in a small range, and in order to perform the regression analysis for the experimental data, the temperature variation due to the deformation heat is ignored. According to the data of time, temperature, loading, collet displacement, strain and stress recorded by Gleeble-1500D simulator, the true stress-strain curves of F+P microstructure shown in Fig. 12 can be obtained using Eqs. (6)-(10).
Solution of coefficients A, B and n
Suppose that the values of T 0 (20 1C) and _ ε 0 (0.01) are selected as the conditions of quasi static test, Eq. (25) at temperature of 20 1C and strain rate of 0.01 can be expressed as
The least square method is used to fit the plastic deformation data of strain-stress curve at a temperature of 20 1C and strain rate of 0.01, and the material coefficients A, B and n in Eq. (26) can be attained, whose values are 97.3286, 879.2394 and 0.3536, respectively. The analysis of variance for coefficients A, B and n is shown in Table 2 .
Solution of coefficients C and m
At the room temperature (T¼20 1C), Eq. (25) can be described as
In Eq. (27), the material coefficients A, B and n have been attained in Section 3.1.1, A¼97.3286, B¼879.2394 and n¼ 0.3536. According Table 2 .
Solution of coefficients D and k
Eq. (25) can be described as
In Eq. (28), the material coefficients have been attained in Sections 3. 1.1 and 3.1.2, A ¼97.3286 Table 2 .
The analysis of variance in Table 2 shows that, the adjusted coefficient of determination R 
Comparison of computational data and experimental data
The 
The stress-strain curves of F+P microstructure at the relative temperature and strain rate can be computed by Eq. (29). The comparison of computational and experimental data is shown in Fig. 13 . The comparison results show that the Johnson-Cook model can describe the constitutive relationship of F+P microstructure at room temperature 20 1C; however, with the increasing temperature, the computational data is deviated from the experimental data. So the Johnson-Cook model can describe the effect of temperature softening and deformation strengthening on the material yield strength at lower and middle temperatures, but there is a large error for the effect of strain rate strengthening on the material yield strength at high temperatures.
Improved constitutive relationship of F+P microstructure
The stress-strain curves in Fig. 12 show that the strain strengthening and strain rate strengthening of F+P microstructure are all relative to the deformation temperature and strain rate; the yield strength is relative to the deformation temperature and strain rate; then the model shown as Eq. (30) is presented according to the Johnson-Cook model:
where f 1 ð_ ε; TÞ is the yield strength of F+P microstructure at the smaller strain state and at room temperature, which is the function of strain rate and deformation temperature, f 2 ðTÞðε−ε 0 Þ f 3 ðTÞ is the strengthening item of F+P microstructure during deformation, f 2 (T) and f 3 (T) are the functions of temperature, and ε 0 is a small strain.
Solution of f 1 ð_ ε; TÞ
The specimen undergoes the elastic deformation and plastic deformation stages during the tension testing. The stress-strain Table 3 Computational and experimental results of strength for F+P at ε ¼0.002. 
Table 4
Fitting results of f 2 (T) andf 3 (T). Fig. 14 . The yield strength of specimens is mainly influenced by deformation temperature and strain rate, as shown in Fig. 14 . The strain ε ¼ 0.002 is defined as the start point of plastic deformation, and the yield strength at the relative temperature and strain rate can be attained through the modified stress-strain curves. The temperature and strain rate are regarded as the variables, and the regression analyses for the yield strength are performed; then the expression of f 1 ð_ ε; TÞ can be attained, as shown in Eq. (31). The experimental and computational data of yield strength at strain ε ¼ 0.002 are listed in Table 3 . The fitting surface and experimental data are shown in Fig. 15 
where T 0 and _ ε 0 are the values of quasi-static test, which can be selected according to the lowest values of temperature and strain rate in the testing. Here, T 0 ¼ 293 K and _ ε 0 ¼ 0:001 s −1 . Table 3 , Fig. 15 and the adjusted coefficient of determination show that Eq. (31) can well describe the yield strength at the relative strain rates and deformation temperatures when the strain is 0.002.
Solution of f 2 (T) and f 3 (T)
Eq. (30) can be expressed as
In Eq. (32), the value of f 1 ð_ ε; TÞ can be attained by Eq. (31). For every modified stress-strain curves shown in Fig. 17 , when the deformation temperature is certain, the values of f 2 (T) and f 3 (T) at the relative strain rate are constant, and can be attained by the regression analysis for the modified stress-strain curve using Eq. Table 4 . The average of f 2 (T) and f 3 (T) at the same temperature is regarded as the value of f 2 (T) and f 3 (T). Table 4 shows that the averages of f 2 (T) and f 3 (T) vary with the deformation temperature. The result of regression analysis shows that the relationship between the average of f 2 (T) and T/T 0 can be well described using the equation: y ¼ a=1 þ exp½−kðx−bÞ. The fitting curve and experimental data of f 2 (T) are shown in Fig. 16 . According to the results of regression analysis, the function f 2 (T) can be described as
The result of regression analysis shows that the relationship between the average of f 3 (T) and T/T 0 can be well described by the equation: y¼a+bx. The fitting curve and experimental data of f 3 (T) are shown in Fig. 17 . According to the results of regression analysis, the function f 3 (T) can be described as
The analysis of variance shows that, the adjusted coefficients of determination for the models shown as Eqs. (33) and (34) are 0.98066 and 0.96901, respectively, which means that the models can respectively predict 98.066% and 96.901% of the changes of response variable, and only 1.145% or 3.099% variation is out of the prediction. The fitness of Eqs. (33) and (34) is well consistent with the experiment results, and the error of Eqs. (33) and (34) is little.
Comparison of experimental and computational data
According to the result of Eqs. (31)-(34), the constitutive relationship of F+P microstructure can be obtained, which can be described as 
Through Eq. (35), the stress-strain data of F+P microstructure at the relative temperature and strain rate can be computed. The comparison between the computational data and experimental data is shown in Fig. 18 . The comparison results show that the computational data are well consistent with the experimental data; the constitutive relationship presented in this paper can predict the effect of temperature softening, deformation strengthening and strain rate strengthening on the strength of F+P microstructure in the process of hot deformation.
Constitutive relationship of bainite microstructure
In the cooling processes, a significant temperature gradient is generated in the hot stamping part. The thermal shrinkage caused by this temperature gradient is restricted by the shape of the hot stamping die and parts, so thermal stress is generated in the hot stamping part. Volume dilatation in the hot stamping part is caused by the phase transformations. When this volume dilatation that depends on the complicated shape of the hot stamping part is in-homogeneous, stress and strain are induced. This stress and strain are termed as the phase-transformation stress and strain. The level of such induced stress is comparable to the thermal stress. In addition, the phase-transformation plasticity is a yielding state at low stress state, and the influence of phase-transformation plasticity to the stress/strain field is sometimes important. When stress/strain induced by temperature gradient and phase transformation is applied to a hot stamping part, the residual stress, deformation and distortion may be produced in the part. But the deformation and distortion of hot stamping part is very small, in general it is about 2-3% [18] . So the stress-strain curve in the strain range of 0-0.2 can satisfy with the simulation requirement of the cooling process of hot stamping.
Experiment project
It is difficult to get the stress-strain curve of bainite microstructure by uniaxial tension testing method as bainite microstructure has a higher strength and lower plasticity at low temperature. In addition, the bainite microstructure is produced in the quenching stage of boron steel, and the quenching deformation due to temperature variation and phase-tranformation is small. The drum shape appearing in the uniaxial compression has little effect on the testing result, and the temperature rise due to deformation has little effect on the temperature of testing specimen. So the uniaxial compression method is used to test the stress-strain curve . The dimension of bainite specimen is ∅4 Â 7 mm 2 . The experiment project is shown in Fig. 19 . In the testing, the specimen is heated to 900 1C at a speed of 5 1C/s, and kept at a temperature of 900 1C for 3-5 min. Then the specimen is cooled to 450 1C at the speed of 50 1C/s, and kept at a temperature of 450 1C for 5 min to let the austenite microstructure to completely transform into the bainite microstructure. The specimen with full bainite microstructure can be attained through the above process.
Some specimens with bainite microstructure are rapidly heated to 550 1C at the speed of 30 1C/s, and kept at a temperature of 550 1C for 2 min. Then the specimens are tested at strain rates of 0.01 s , the deformation heat of specimen is instantaneously and abundantly produced, but the cooling system of Gleeble 1500D cannot control this, and the temperature variation increases with the rise of the strain rate and true strain. When the testing temperature is 20 1C, the strain rate is 10 s −1 and the strain is 0.2, and the temperature variation reaches about 60 1C. As a whole, the temperature variation is little, so it can be neglected in the regression analysis of the experimental data. According to the data calculated by time, temperature, loading, displacement, strain and stress recorded by Gleeble-1500D simulator, the true stress-strain curves can be attained using Eqs. (6)- (10) .
In order to attain the accurate value of elastic modulus to modify the stress-strain data, Young's modulus is measured at different temperatures using a JE-RT type modulus measuring device (manufactured by Nihon Technoplus Co. According to Young's modulus, the stress-strain curves of bainite microstructure may be modified using the same method as F+P microstructure shown in Fig. 14 .
The yield strength and strengthening of bainitic microstructure are all relative to the deformation temperature and strain rate, which is the same as F+P microstructure shown in Fig. 14 . So the constitutive relationship shown in Eq. (30) may be used to describe the deformation behavior of bainite microstructure.
Solution of f 1 ð_ ε; TÞ
The yield strength of bainite microstructure is mainly influenced by deformation temperature and strain rate. For the bainite microstructure, the strain ε¼ 0.003 is defined as the start point of plastic deformation, and the yield strength at the relative temperature and strain rate can be attained through the modified stress-strain curves. The temperature and strain rate are regarded as the variables, and the regression analyses for the yield strength are performed; then the expression of f 1 ð_ ε; TÞ can be attained, as shown in Eq. (36). The experimental and computational data of yield strength at strain ε¼ 0.003 are listed in Table 5 Table 5 Computational and experimental results of bainite strength at ε ¼0.003. where T 0 and _ ε 0 are the values of quasi-static test, which can be selected according to the lowest values of temperature and strain rate in the testing. Here, T 0 ¼293 K and _ ε 0 ¼ 0:001 s −1 . Fig. 20 , Table 5 and the adjusted coefficient of determination show that Eq. (36) can well describe the yield strength of bainite microstructure at the relative strain rates and deformation temperatures when the strain is 0.003.
Solution of f 2 (T) and f 3 (T)
The value of f 1 ð_ ε; TÞ in Eq. (30) can be attained using Eq. (36). Using the same method described in Section 3.2.2 of this paper, the values of f 2 (T).and f 3 (T) can be attained. When the strain rates are 0.01 s −1 , 0.1 s −1 , 1.0 s −1 and 10 s −1 , the analysis of variance for the regression analysis is shown in Table 6 . The values of f 2 (T) and f 3 (T) are also shown in Table 6 . Table 6 shows that the averages of f 2 (T) and f 3 (T) vary with the deformation temperature. The result of regression analysis shows that the relationship between the average of f 2 (T) and T/T 0 can be well described by the equation: y ¼ a=1 þ exp½−kðx−bÞ. The fitting curve and experimental data of f 2 (T) are shown in Fig. 21 
The result of regression analysis shows that the relationship between the average of f 3 (T) and T/T 0 can be well described by the equation: y ¼a+bx+cx 2 . The fitting curve and experimental data of 
Through Eq. (39), the stress-strain data of bainite microstructure at the relative temperature and strain rate can be computed. The comparison between the computational data and experimental data is shown in Fig. 23 . The comparison results show that the computational data are well consistent with the experimental data; the constitutive relationship shown in Eq. (39) can predict the effect of temperature softening, deformation strengthening and strain rate strengthening on the strength of bainite microstructure in the process of hot deformation.
Constitutive model of martensite microstructure
Experimental project
Martensite microstructure also has a higher strength and lower plasticity, which is the same as bainite microstructure. So the testing project is similar with bainite microstructure, and the Table 6 Fitting results of f 2 (T) and f 3 (T) for bainite. According to the phase-transformation temperature, the experiment project of martensite microstructure is designed. All the specimens are heated to 900 1C, and kept at a temperature of 900 1C for 5 min. Then, the specimens are rapidly cooled to room temperature at the speed of more than 70 1C/s.
Some specimens are tested at room temperature and strain rates of 0.01, 0.1, 1.0 and 10 s In order to reduce the effect of drum and deformation heat on the accuracy of stress-strain data, the experimental data in the strain range of 0-0.2 are used in the regression analysis of constitutive relationship.
When the strain rates are 0.01 s −1 and 0.1 s , the deformation heat of specimen is instantaneously and abundantly produced, but the cooling system of Gleeble 1500D cannot control this, and the temperature variation increases with the rise of the strain rate and true strain. When the testing temperature is 20 1C, the strain rate is 10 s −1 and the strain is 0.2, and the temperature variation reaches about 62 1C. As a whole, the temperature variation is little, so it can be neglected in the regression analysis of the experimental data. According to the data calculated by time, temperature, loading, strain and stress recorded by Gleeble 1500D, the true stress-strain curves can be attained using Eqs. (6)- (10) .
In order to attain the accurate value of elastic modulus to modify the stress-strain data, Young's modulus is measured at different temperatures using a JE-RT type modulus measuring device (manufactured by Nihon Technoplus Co. Ltd.) according to the JIS R 1605 standard, and a sample of 60 mm Â 10 mm Â 1 mm is used in the test. Young's modulus of martensite microstructure is 210.68 MPa (20 1C), 205.40 MPa (100 1C) and 200.83 MPa (200 1C). According to Young's modulus, the stress-strain curves can be modified.
The stress-strain curves of martensite microstructure show that the yield strength and strengthening of martensite microstructure are all relative to the deformation temperature and strain rate. So the constitutive relationship shown in Eq. (30) can be used to describe the deformation behavior of martensite microstructure.
Solution of f 1 ð_ ε; TÞ
The yield strength of martensite microstructure is mainly influenced by deformation temperature and strain rate. For the martensite microstructure, the strain ε ¼0.004 is defined as the start point of plastic deformation, the yield strength at the relative temperature and strain rate can be attained through the modified stress-strain curves. The temperature and strain rate are regarded as the variable, the regression analyses for the yield strength are performed, then the expression of f 1 ð_ ε; TÞ can be attained, as shown in Eq. (40). The experimental and computational data of yield strength at strain ε ¼0.004 are listed in Table 7 . The Table 7 Computational and experimental results of strength for martensite at ε ¼0.004. Table 8 Fitting results of f 2 (T) and f 3 (T) for martensite microstructure.
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